The presence of an incomplete tricarboxylic acid cycle in Anabaenu vuriabilis and Anacystis nidulans is described. These blue-green algae lack both a-oxoglutarate dehydrogenase and succinyl-CoA synthetase. Succinyl-CoA was formed in extracts of A. variabilis by 3-ketoacyl CoA-transferase using acetoacetyl-CoA as CoA donor. The activities of the other tricarboxylic cycle enzymes were measured in extracts prepared from autotrophic organisms and from those grown in the presence of acetate. No alterations in activity indicative of enzyme repression or de-repression were observed. These results are discussed in relation to possible reasons for autotrophic behaviour.
INTRODUCTION
The photosynthetic autotrophically grown blue-green algae have been shown to metabolize acetate (Hoare & Moore, 1965; Carr & Pearce, 1966) . Although isocitratase and malate synthetase were detected at low activities in extracts of Anacystis nidulans and Anubaena variabilis (Pearce & Carr, I 967a), incorporation of [14C]acetate into A. nidulans gave no evidence for a glycoxylate cycle operation and indicated that the tricarboxylic acid cycle did not proceed further than a-oxoglutarate (Hoare, Hoare & Moore, 1967) . The absence of a-oxoglutarate dehydrogenase from extracts of A. variabilis was reported by Pearce & Carr (1967b) , and Smith, London & Stanier (I 967) showed that several obligate autotrophs, blue-green algae and chemosynthetic bacteria, lacked a-oxoglutarate dehydrogenase and NADHz oxidase. The latter group also examined the incorporation of [14C]acetate by obligate autotrophs and showed that it was transformed into only four amino acids, which were metabolically derived from a-oxoglutarate. This restricted flow of [14C] carbon from acetate into a limited number of related amino acids had also been reported in 4 . niduluns (Hoare & Moore, 1965; Hoare et al. 1967 ) and by Kelly (1967) in Thiobacillus neapolitanus. The present communication presents enzymic evidence for an incomplete tricarboxylic acid cycle in A . variabilis and A. nidulans, from which a-oxoglutarate dehydrogenase and succinyl-CoA synthetase are absent. The role of 3-ketoacyl CoA-transferase in succinyl-CoA formation is described and the failure to adjust enzymic activities after growth in the presence of acetate noted.
METHODS
Growth and preparation of cell-free extracts. Anubaena variabilis and Anacystis nidulans were grown as previously described (Carr & Hallaway, 1965) on a defined mineral-salt medium which was gassed with air + carbon dioxide (95 + 5, v/v). Sodium acetate (20 mM) was added to this medium as indicated in the text. After harvesting, organisms were disrupted by ultrasonic treatment as previously described (Pearce & Carr, 1967a) .
Citrate synthase (EC 4 . I . 3.7) assay. The disappearance of acetyl-phosphate in the presence of CoA and oxaloacetate was followed by using the procedure of Ochoa (1955). Acetyl-phosphate was estimated as the hydroxamic acid and an appropriate control permitted a correction for the small amount of acetyl-CoA metabolized by de-acylation. This assay utilized the phosphotransacetylase present in extracts of Anabaena variabilis (Pearce & Carr, 1967a) .
Aconitase (EC 4 . 2 . I .3) assay. The rate of reduction of NADP in the presence of citrate or cis-aconitate was followed by increase in E,, 
RESULTS
Cell-free extracts of Anabaena variabilis contained most of the tricarboxylic acid cycle enzymes at comparable degrees of activity. Succinic dehydrogenase was present but the activity was less than one tenth that of the other enzymes found. a-Oxoglutarate dehydrogenase and succinyl-CoA synthetase were not detected in any extract of A. variabilis or Anacystis nidulans (Table I) . Aconitase activity was significantly greater with cis-aconitate than with citrate as substrate. Experimental controls showed 2'3 nt that aconitase was not present in the commercial preparation of isocitrate dehydrogenase used in the aconitase assay procedure. The isocitrate dehydrogenase in extracts of A. variabilis was specific for NADP, there being no activity with NAD as coenzyme. After the addition to the reaction mixture of (5 pmole) AMP or ADP no alteration in the rate with NADP was observed and NAD was still inactive. Glutamate dehydrogenase activity in these extracts was also specific for NADP, as was the conversion of malate to pyruvate and carbon dioxide by the malic enzyme. The slow rate of succinate oxidation by extracts of Anubaem variabilis was not increased by adding back pellet fraction to the ce11-free extract; the activity of succinic dehydrogenase was of the same order as that of isocitrate lyase (Pearce & Carr, 1967~) . Neither a-oxoglutarate dehydrogenase nor succinyl-CoA synthetase were detected in extracts of the two blue-green algae examined. Different pH values of the assay procedure and the addition of thiamine pyrophosphate, lipoic acid and FAD singly or together did not permit detection of the former enzyme, which was readily shown, using the identical procedure, in extracts of Escherichia coli. The absence of a-0x0-glutarate dehydrogenase in A. variabilis was confirmed by examination of the products of [5-14CJa-oxoglutarate incubation. The incubation mixture was that of the a-0x0-glutarate dehydrogenase assay system (see Methods) with the addition of l4C-1abelled substrate. After anaerobic incubation at 34" the reaction was ended by the addition of hot ethanol (20 ml.). After further extraction with ethanol the combined extracts were reduced in volume by rotary distillation under low pressure at 40" and products separated by paper chromatography (Fig. I ) . Although citrate and glutamate were produced from [5-14C]a-oxoglutarate, no succinate, malate or fumarate were found after varied incubation times (15 to 120 min.). This was in contrast to the results of an identical experiment with E. coli in which [14C]succinate was readily detected.
The activation of succinate to succinyl-CoA could be not accomplished directly in extracts of Anabaena variabilis or Anacystis nidulans in spite of replacement of ATP with GTP or ITP, although enzymes necessary for acetate activation were present in such extracts (Pearce & Carr, 1967a) . Succinyl-CoA formation by a 3-ketoacyl CoAtransferase from acetoacetyl-CoA and succinate was detected ; the addition of succinate, in the presence of cell free extract of A. variabilis, produced a marked decline in the acetoacetyl-CoA + Mg2+ complex measured by a decrease in E310, corresponding to a rate of 2-5 nylmole/min./mg. protein (Fig. 2) . This enzyme was not sedimented by centrifugation for 2 hr at 75,ooog and was stable for 2 weeks at -18". 3-Ketoacyl
CoA-transferase was inhibited by ATP (Fig. 3) , the sigmoidal kinetics of this inhibition being indicative of an allosteric interaction. AMP and ADP were also inhibitory but at 10-fold higher concentration and with no evidence of sigmoidal kinetics. The 3-ketoacyl CoA-transferase was specific for acetoacetyl-CoA ; acetyl-CoA was only I % as effective as a CoA donor.
An important feature of enzyme activities concerned in tricarboxylic acid metabolism in Anabaena variabilis was the failure of the organism to adjust enzymic content following the inclusion of acetate (20 mM) in growth medium. There was no increase in activity of any of the tricarboxylic acid cycle enzymes, nor of the associated malic enzyme and glutamate dehydrogenase in extracts grown in the presence of acetate (Table I) . Previous work had shown that, under the conditions used, acetate was significantly incorporated and assimilated into A . variabilis (Pearce & Carr, 1967a) .
DISCUSSION
Enzymes present in extracts of Anabaena variabilis would permit the operation of an incomplete tricarboxylic acid cycle, as illustrated in Fig. 4 . The absence of a-oxoglutarate dehydrogenase and succinyl-CoA synthetase activity prevents cyclic flow, and this is consistent with the entry of [14C] acetate into only a limited number of amino acids, first observed by Hoare & Moore (1965) . The synthesis of oxoloacetate, and hence the aspartate family of amino acids, could arise from the carboxylation of pyruvate or phosphoenol pyruvate. Some formation of succinate would be possible by the activity, detected at low levels, of the glyoxylate cycle enzymes (Pearce & Carr, I 967a). The activation of succinate to succinyl-CoA, necessary for all porphyrin formation, did not proceed directly but by a transferase enzyme from acetoacetyl-CoA, which was allosterically inhibited by ATP. Isocitrate dehydrogenase in extracts of A. variabilis required NADP as coenzyme and there was no evidence of activation by AMP or ADP, as is found with the NAD specific enzyme in other organisms (Kornberg & Pricer, 1951; Hathaway & Atkinson, 1963) . This lack of stimulation is consistent with a biosynthetic, rather than energy-yielding, function of this enzyme. Both glutamate dehydrogenase and the malic enzyme, in A. variczbilis, were also specific for NADP. The production of [14C]carbon dioxide from carboxyl-labelled acetate by Ambuem variabilis was readily shown whereas the methyl-carbon contributed only very slightly to respiratory carbon dioxide (Pear= & Can, 19674. The release of carbon dioxide from the [ 1J4C] position of acetate presumably arises from the metabolism of a-oxoglutarate, via glutamate or through the operation of a glyoxylate cycle.
An incomplete tricarboxylic acid cycle lacking a-oxoglutarate has been reported in two photosynthetic bacteria, Chloropseudomonas ethylicum (Callely, Rigopoulos & Fuller, 1968) and Chromatium D (Fuller, Smillie, Sisler & Kornberg, 1961) . The interruption of the cycle at the point of a-oxoglutarate not only deprives the organism of a site of substrate level phosphorylation, but severely curtails the formation of reduced pyridine nucleotides by oxidation of organic substrates. Smith et al. (1967) suggested that the absence of a-oxoglutarate dehydrogenase and of NADH, oxidase are the lesions in metabolism that cause an organism to be an obligate autotroph. The break in the tricarboxylic acid cycle could be alleviated by the exogenous supply of C4 intermediates, and the latter workers place particular emphasis on the absence of NADH, oxidase which would prevent the organism from linking, via an electron transport chain, oxidation of organic substrates to ATP generation. However, Hempfling & Vishniac (1965) reported an NADH, oxidase in extracts of the obligate autotroph Thiobacillus neapolitanus and Trudinger & Kelly (I 968) recorded the reduction of endogenous cytochrome c by NADH, in the same organism. The presence of NADPHa oxidase in extracts of several obligate autotrophic blue-green algae has also been measured (Leach & Carr, 1968) .
A feature of the data presented in this communication is the absence of any alteration in enzymic activities measured after inclusion of acetate in the growth medium. Tricarboxylic acid cycle enzymes in certain other micro-organisms are markedly affected by the growth medium, inclusion of acetate increased activity generally in Hydrogenomonas sp. (Truper, I 965) and Aerobacter aerogenes (Forget & Pichinoty, I 967). The activity of isocitrate dehydrogenase was several fold greater after growth of Escherichia coli and Pseudomonas aeruginosa on acetate rather than glucose (Pearce & Carr, unpublished) . In other aspects of intermediary metabolism Anabaetta variabilis has been shown not to exercise control over enzyme biosynthesis but only on existing enzyme molecules by end-product interaction (Carr, 1967; Pearce & Carr, 1967a; Pearce & Carr, 1968; Hood & Carr, 1968) . The failure of A. variabilis and other bluegreen algae to increase growth rate in the presence of substrates known to be assimilated and metabolized could be due, at least in part, to lack of control at the transcription level. We suggest that this lack of control may be a characteristic and causative feature of obligate autotrophs. 
